The host response to experimental murine tularemia was examined in different inbred mouse strains. The kinetics of growth of Francisella tularensis live vaccine strain (LVS) in the livers and spleens of A and C57BL/ 6 mice were monitored, and it was observed that mice of the A strain were more susceptible to the proliferation of LVS than were C57BL/6 mice. The difference was most marked 5 days following infection, when the number of bacteria isolated from the spleens of A mice was found to exceed that of C57BL/6 mice by 100-fold. In addition, the C57BL/6 strain exhibited a more pronounced splenomegaly 8 days after infection than did the A strain. When the response of other inbred strains was evaluated by determining the splenic count of LVS on day 5 postinfection, several levels of antitularemic resistance were observed. Mice of the AKR, BALB/cBy, C57BL/10, and SJL strains were found to be most resistant, while SM mice were most susceptible to the proliferation of LVS. The DBA/2, CBA, 129, C3H/HeJ, and A strains expressed a resistance phenotype which was intermediate between the two extremes, with A and C3H/HeJ mice being somewhat more susceptible than DBA/2, CBA, or 129 mice. The trait of resistance or susceptibility was analyzed genetically in (C57BL/6 x A)Fj hybrid mice and in F2 generation and recombinant inbred (RI) mouse strains derived from C57BL/6 (resistant) and A (susceptible) strain progenitors. The F1 progeny exhibited a level of resistance to infection which was similar to that of the resistant parent. In both the F2 generation mice and the RI strains, a continuous spectrum of resistance levels was observed. The results of these experiments indicate that the genetic background of the host influences host resistance to experimental murine tularemia and that multiple genetic loci are involved in this response.
DBA/2, CBA, or 129 mice. The trait of resistance or susceptibility was analyzed genetically in (C57BL/6 x A)Fj hybrid mice and in F2 generation and recombinant inbred (RI) mouse strains derived from C57BL/6 (resistant) and A (susceptible) strain progenitors. The F1 progeny exhibited a level of resistance to infection which was similar to that of the resistant parent. In both the F2 generation mice and the RI strains, a continuous spectrum of resistance levels was observed. The results of these experiments indicate that the genetic background of the host influences host resistance to experimental murine tularemia and that multiple genetic loci are involved in this response.
In recent years, the differences exhibited by inbred mouse strains with respect to their responses to experimentally induced infections have been increasingly exploited in the elucidation of the complex mechanisms with which the host reacts to an encounter with an infectious organism (for reviews, see references 13 and 14) . The methods of genetic analysis of host defense traits have been particularly useful in elucidating the mechanisms of resistance to infection with facultative intracellular bacteria. The current availability of a variety of well-defined genetic mutant mice, such as endotoxin-hyporesponsive (18) , hypocomplementemic (4) , and athymic (6) mice, has permitted greater understanding of the cell populations and regulatory pathways involved in the defense against this class of pathogen. Also, the now widespread use of congenic and recombinant inbred (RI) mouse strains has greatly simplified the mapping of host resistance loci and increased the potential for linking such loci to other host response genes (15) or, ultimately, to genes whose expression may eventually be shown to modulate the activity of the host defenses.
Evaluation of the genetic basis for host resistance to infection with Francisella tularensis has never been performed. A crude examination of the mortality rates of different inbred mouse strains infected with various doses of the live vaccine strain was made by workers in the laboratory of Eigelsbach (5) . The intent of these investigations, however, was to identify a suitably resistant mouse strain for use in immunization experiments, and no description of a trait of resistance to tularemia was attempted. In this study, we have undertaken to investigate the influence of genetic * Corresponding author.
background on host resistance in our model of experimentally induced tularemia and to use the methods of genetic analysis to describe the mode of inheritance of resistance.
MATERIALS AND METHODS
Mice. Male or female A/J (A) or C57BL/6J strain mice were bred in our laboratory from breeding stock obtained from the Jackson Laboratory (Bar Harbor, Maine). (C57BL/ 6 x A)F1 hybrid mice were purchased from Jackson Laboratory for use in experiments or as breeding stock for (C57BL/6 x A) x (C57BL/6 x A)F2 generation animals. RI strains derived from A and C57BL/6 strain progenitors were bred in our laboratory from breeding stock obtained from Muriel Nesbitt at the University of California at San Diego. Mice of the AKR/J, BALB/cByJ, C3H/HeJ, C57BL/10, DBA/2J, SJL/J, SM/J, and 129/J strains were purchased from Jackson Laboratory. Mice were housed under conventional conditions and given food and water ad libitum. In each experiment, mice were matched for sex and age, which was between 8 and 10 weeks.
Bacteria. F. tularensis live vaccine strain (LVS) was purchased from the American Type Culture Collection (Rockville, Md.) and cultured by methods described previously (2). For each experiment, a frozen aliquot was thawed and diluted in sterile normal saline to a concentration suitable for inoculation. The number of bacteria was determined retrospectively by plating a suitable dilution on cystine-heart agar containing 5% defibrinated rabbit blood (CHA-R) and counting CFU after 3 to 4 days of incubation at 37°C.
Enumeration of bacteria in the tissues. Mice were infected with approximately 100 CFU via the lateral tail vein. The mice were sacrificed by decapitation, and the skin was ul CL '7 C.. Statistical analysis. Results were tested for statistical significance by using Student's t test (two-tailed). A value of P < 0.05 was considered significant. RESULTS Kinetics of bacterial growth in A and C57BL/6 mice. Differences between A and C57BL/6 mice in their responses to experimental infection are currently recognized for a broad selection of pathogenic organisms (8, 12, 16) . Therefore, as a preliminary experiment, we compared the kinetics of bacterial growth in the livers and spleens of mice from these two strains. The mice were infected with 50 CFU of F. tularensis cells, and the number of bacteria in the tissues was determined 2, 5, and 8 days later (Fig. 1) . The results of this experiment demonstrated that by 2 days postinfection, the tissues of A mice contained a significantly greater (2- C57BL/6 strain (P < 0.01). This differential susceptibility was more pronounced 5 days following infection, when the number of F. tularensis cells was up to 100-fold higher in the tissues of A mice than in C57BL/6 mice. By 8 days postinfection, the number of F. tularensis cells in the organs of both strains had declined markedly; nevertheless, the tissues of A animals contained at least 10 times as many bacteria as did those of the C57BL/6 animals.
Evaluation of antitularemic resistance in different inbred mouse strains. Subsequent to the observation of a genetic difference in the response of A and C57BL/6 strains to experimental tularemia, a number of other inbred mouse strains was selected for evaluation of antitularemic resistance (Fig. 2) . The criterion for determining the phenotype of resistance or susceptibility in this, and subsequent, experiments was chosen to be the number of F. tularensis cells in the spleens of mice infected 5 days previously with a dose of approximately 100 CFU, since in the preliminary experiment ( Fig. 1) , the difference between A and C57BL/6 strains was observed to be maximal at this time. In the experiment shown in Fig. 2 , the SJL, C57BL/10, AKR, and BALB/cBy strains exhibited the greatest resistance to bacterial replication. In dramatic contrast, the SM strain of mice proved to be the most susceptible to tularemia; the splenic F. tularensis cell count in this strain exceeded that of the most resistant strains by 1,000-fold. One derived from these progenitors are readily available. In the first experiment, the dominance of the trait was evaluated by typing the resistance of (C57BL/6 x A)F1 hybrid mice. The results of the spleen bacterial counts, presented in Table 1 , demonstrate that the resistance of F1 hybrid mice was slightly less than that of the resistant C57BL/6 parental strain. However, in only one experiment was this difference statistically significant (experiment 1, P < 0.001). Next, the resistance phenotype was determined in 23 RI strains. The data from several experiments were compiled and depicted in Fig. 3 . The results of these experiments show that a continuous spectrum of resistance levels existed between the two extremes observed in both progenitors. Since only 23 RI strains were available in our laboratory at the time of these experiments, resistance phenotyping was further performed for a larger number of F2 hybrid mice. These mice are similar to RI mice in that their genomes are the product of recombination of genes from both resistant and susceptible progenitor strains. F2 generation mice were typed individually, and the results were plotted in Fig. 4 . Male mice were, as a group, slightly less resistant to infection than were similarly aged females; the results obtained from both sexes were therefore reported separately. The 
(37) single, dominant (Table 1 ) locus with two allelic forms (in this case resistant and susceptible). Therefore, it may be concluded that the trait of resistance or susceptibility to tularemia is controlled by multiple genetic loci.
Kinetics of splenomegaly in resistant and susceptible mouse strains. The elimination of tularemia bacilli from the tissues was found to be associated with a dramatic increase in spleen weight (1; Anthony and Kongshavn, unpublished observation). To correlate the magnitude of splenomegaly with the genetically determined resistance or susceptibility, the kinetics of splenomegaly were monitored in resistant C57BL/6 and susceptible A mice. The results of this experiment, shown in Fig. 5 , demonstrate that the sizes of the spleens increased in both strains during the first 5 days of infection. During this time, no difference was noted between these two strains with respect to splenic mass. By day 8 postinfection, the size of the C57BL/6 spleens had increased to about 400 mg. In marked contrast, the size of the A strain spleens did not increase significantly for the remainder of the experiment, so that when'the experiment was terminated, the magnitude of the C57BL/6 splenomegaly was almost twice that of the A strain (P <0.01).
DISCUSSION
The results of the experiments described in this report show that the course of experimental murine tularemia is strongly influenced by the genetic background of the host. This finding is in keeping with observations made in other models of infection with facultative intracellular bacteria and parasites (13, 14) . The inheritance pattern of the trait of resistance or susceptibility, as defined in this study, is complex, involving multiple genetic loci, since a spectrum of resistance levels was seen among two different recombinant populations tested (Fig. 3 and 4) . When resistance and susceptibility alleles are present in the same animal, as in the F1 hybrid, the animal displays a relatively resistant phenotype ( Table 1 ), indicating that, in general, the resistance alleles are inherited in a dominant manner. The observation that F1 mice are slightly more susceptible than are C57BL/6 mice may be accounted for by a "gene dose" effect, i.e., the F1 generation possesses only a single copy of each resistance allele, whereas the resistant parent is homozygous for all resistance alleles. In most other models of genetically determined resistance to infection, resistance is dominant over susceptibility (8) (9) (10) (11) , presumably because expression of resistance alleles confers upon the animal a survival advantage.
The cellular basis for the observed genetic differences remains an enigma. However, the difference between A and C57BL/6 strain mice in F. tularensis growth was apparent as early as 2 days following infection (Fig. 1 ). T-cell-mediated immunity, as measured by cyclosporin A sensitivity (2), is not detectable until 3 to 4 days following infection. It may therefore be concluded that the trait of resistance or susceptibility is expressed, at least initially, in the phase of T-cellindependent innate resistance to F. tularensis infection. Antitularemic resistance during the first 2 to 3 days following infection is suppressed by silica injection (unpublished observations). Since this treatment is used to inhibit macrophage activity, it seems further likely that the genes are expressed in the function of this cell. This is a reasonable supposition, in view of the fact that the macrophage appears to be the site of expression of other host resistance genes (13) .
It is not clear why the magnitude of the genetic difference in antitularemic resistance, as reflected by the splenic bacterial counts, was observed to increase between day 2 and day 5 postinfection. In most cases of genetically determined differences in innate resistance, the inheritance pattern is simple, involving one or two loci (13) . As the course of infection proceeds into the phase of acquired resistance, the influence of more genes becomes apparent, as is seen in murine listeriosis or leishmaniasis (3, 16) . Genetic analysis of the differences in resistance to experimental murine tularemia, as measured 2 days postinfection, was not performed, but our finding of a complex inheritance pattern of resistance measured on day 5 postinfection, i.e., during the phase of resistance shown to be T-cell-dependent (2) (7, 17) . Therefore, the low splenomegaly response of this strain might reflect an impairment in the recruitment of inflammatory cells to the spleen. While the poor macrophage inflammatory response of A mice may, in part, explain the susceptibility of this strain to tularemia, it cannot explain the relative susceptibility of the C3H/HeJ strain, which is C5 sufficient, nor can it explain the relative resistance of the DBA/2 strain, which, like the A strain, is C5 deficient.
